Previous studies have shown that protein-protein interactions among splicing factors may play an important role in pre-mRNA splicing. We report here identification and functional characterization of a new splicing factor, Sip1 (SC35-interacting protein 1). Sip1 was initially identified by virtue of its interaction with SC35, a splicing factor of the SR family. Sip1 interacts with not only several SR proteins but also with U1-70K and U2AF65, proteins associated with 5 and 3 splice sites, respectively. The predicted Sip1 sequence contains an arginine-serine-rich (RS) domain but does not have any known RNA-binding motifs, indicating that it is not a member of the SR family. Sip1 also contains a region with weak sequence similarity to the Drosophila splicing regulator suppressor of white apricot (SWAP). An essential role for Sip1 in pre-mRNA splicing was suggested by the observation that anti-Sip1 antibodies depleted splicing activity from HeLa nuclear extract. Purified recombinant Sip1 protein, but not other RS domain-containing proteins such as SC35, ASF/SF2, and U2AF65, restored the splicing activity of the Sip1-immunodepleted extract. Addition of U2AF65 protein further enhanced the splicing reconstitution by the Sip1 protein. Deficiency in the formation of both A and B splicing complexes in the Sip1-depleted nuclear extract indicates an important role of Sip1 in spliceosome assembly.
Pre-mRNA splicing takes place in spliceosomes, the large RNA-protein complexes containing pre-mRNA, U1, U2, U4/6, and U5 small nuclear ribonucleoprotein particles (snRNPs), and a large number of accessory protein factors (for reviews, see references 21, 22, 37, 44, and 48) . It is increasingly clear that the protein factors are important for pre-mRNA splicing and that studies of these factors are essential for further understanding of molecular mechanisms of pre-mRNA splicing.
Most mammalian splicing factors have been identified by biochemical fractionation and purification (3, 15, 19, 31-36, 45, 69-71, 73) , by using antibodies recognizing splicing factors (8, 9, 16, 17, 61, 66, 67, 74) , and by sequence homology (25, 52, 74) .
Splicing factors containing arginine-serine-rich (RS) domains have emerged as important players in pre-mRNA splicing. These include members of the SR family, both subunits of U2 auxiliary factor (U2AF), and the U1 snRNP protein U1-70K (for reviews, see references 18, 41, and 59). Drosophila alternative splicing regulators transformer (Tra), transformer 2 (Tra2), and suppressor of white apricot (SWAP) also contain RS domains (20, 40, 42) . RS domains in these proteins play important roles in pre-mRNA splicing (7, 71, 75) , in nuclear localization of these splicing proteins (23, 40) , and in protein-RNA interactions (56, 60, 64) . Previous studies by us and others have demonstrated that one mechanism whereby SR proteins function in splicing is to mediate specific proteinprotein interactions among spliceosomal components and between general splicing factors and alternative splicing regulators (1, 1a, 6, 10, 27, 63, 74, 77) . Such protein-protein interactions may play critical roles in splice site recognition and association (for reviews, see references 4, 18, 37, 41, 47 and 59) . Specific interactions among the splicing factors also suggest that it is possible to identify new splicing factors by their interactions with known splicing factors.
Here we report identification of a new splicing factor, Sip1, by its interaction with the essential splicing factor SC35. The predicted Sip1 protein sequence contains an RS domain and a region with sequence similarity to the Drosophila splicing regulator, SWAP. We have expressed and purified recombinant Sip1 protein and raised polyclonal antibodies against the recombinant Sip1 protein. The anti-Sip1 antibodies specifically recognize a protein migrating at a molecular mass of approximately 210 kDa in HeLa nuclear extract. The anti-Sip1 antibodies sufficiently deplete Sip1 protein from the nuclear extract, and the Sip1-depleted extract is inactive in pre-mRNA splicing. Addition of recombinant Sip1 protein can partially restore splicing activity to the Sip1-depleted nuclear extract, indicating an essential role of Sip1 in pre-mRNA splicing. Other RS domain-containing proteins, including SC35, ASF/ SF2, and U2AF65, cannot substitute for Sip1 in reconstituting splicing activity of the Sip1-depleted nuclear extract. However, addition of U2AF65 further increases splicing activity of Sip1-reconstituted nuclear extract, suggesting that there may be a functional interaction between Sip1 and U2AF65 in nuclear extract.
MATERIALS AND METHODS

Yeast two-hybrid interaction screening and protein-protein interaction assay.
The yeast two-hybrid interaction system including Saccharomyces cerevisiae EGY48, the yeast plasmids, and a HeLa cell cDNA library were kindly provided by R. Brent. SC35 was used as a bait to screen the HeLa cDNA library as described previously (63, 72) .
To assay for pairwise interactions between Sip1 and other splicing proteins, yeast plasmids expressing individual splicing proteins as LexA fusion proteins were transformed into yeast strain EGY48 expressing Sip1 as a fusion protein containing the B42 activation domain (63, 72) . The liquid assay for ␤-galactosidase activity was carried out with yeast extracts prepared from at least three independent colonies as described previously (63, 74) . ␤-Galactosidase activities were normalized with protein concentrations of the corresponding yeast extracts. Background was defined as the amount of ␤-galactosidase activity detected in the yeast expressing the Sip1-activation domain fusion protein and the bait plasmid containing only the LexA without other cDNA sequences. HeLa cell cDNA library screening and database search. A cDNA fragment encoding Sip1 was isolated from the yeast two-hybrid library vector JG4-5 (72) by digestion with EcoRI and XhoI. This fragment was labeled by using Klenow enzyme in the presence of [ 32 P]dCTP and used to screen a HeLa cell Zap library (Stratagene) according to standard procedures. Sequencing of cDNA clones was carried out by using a model 373A DNA sequencer with a PRISM Ready Reaction DyeDeoxy Terminator cycle sequencing kit (ABI). Database searches were carried out through the National Institutes of Health mail server, using BLASTN and BLASTP programs. Sequence comparison reveals that the carboxyl-terminal 4.3-kb sequence of Sip1 cDNA is almost identical to that of the human SR129 gene (accession no. Y11251), which was deposited as an unpublished sequence, and that the amino-terminal 1 kb of Sip1 cDNA is different from that of the SR129 gene. It is not clear yet whether Sip1 and SR129 represent different isoforms of the same gene or the Y11251 clone is a hybrid of two different genes. Sequence alignment was performed by using the ClustalW multiple sequence alignment program. Databank searches also revealed the presence of three murine EST cDNA clones which may represent the murine homolog of the SIP1 gene. No convincing yeast homolog has been identified.
Generation of Sip1 antisera. cDNAs encoding different fragments of Sip1 protein were subcloned into the Escherichia coli expression vector pET28A (Novagen) to express His-tagged Sip1 fragments. One of the fragments (amino acid residues 227 to 782) was expressed at a relatively high level. This fragment contained mainly the central part of the Sip1 protein and only a small portion of the RS domain. This His-tagged Sip1 fragment was purified to near homogeneity by using nickel-agarose affinity chromatography in the presence of 6 M urea, and the Sip1 protein was further purified by preparative sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). The purified Sip1 protein isolated by SDS-PAGE was used to immunize two rabbits to generate polyclonal anti-Sip1 antisera.
Expression and purification of recombinant Sip1 protein by using the baculovirus system. Baculovirus expressing the full-length Sip1 protein as a Histagged protein was prepared by using the pFastbac system (Gibco). The recombinant Sip1 protein was purified by ammonium sulfate precipitation (45 to 90% saturation) followed by nickel-agarose affinity chromatography according to the manufacturer's instructions. The purified Sip1 protein was dialyzed against BC100 (20 mM HEPES [pH 7.6], 100 mM KCl) containing 10% glycerol and stored at Ϫ80°C in aliquots.
Western analyses. Proteins were separated by SDS-PAGE (10% gel) and transferred to nitrocellulose filters. After blocking with 5% nonfat milk in Trisbuffered saline, primary antibodies (anti-Sip1 at 1:2,000 dilution and anti-U2AF65 at 1:1,500 dilution) were applied to the filters, and incubation was carried out at 4°C overnight. After four washes with Tris-buffered saline containing 0.05% Tween 20, horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G [F(abЈ) 2 fragment specific; Jackson Immunoresearch Laboratories] was added and incubated for 1 h at room temperature. After four washes, SuperSignal substrate solution (Pierce) was used to produce signals, and the filters were exposed to X-ray films.
In vitro splicing, splicing complex formation, immunodepletion, and complementation assays. Splicing reactions were carried out with ␤-globin pre-mRNA prepared by in vitro transcription in the presence of [ 32 P]UTP, using construct H␤T7 as described previously (74) . The labeled pre-mRNA was incubated with HeLa cell nuclear extract, HeLa nuclear extract depleted of Sip1, or the Sip1-depleted HeLa nuclear extract supplemented with recombinant proteins. The splicing products were analyzed on a 6% polyacrylamide gel containing 6 M urea and detected by autoradiography. For native gel analysis of splicing complexes, splicing reactions were performed with 32 P-labeled pPIP85.A pre-mRNA (43) and separated on a nondenaturing 4% (80:1) polyacrylamide gel in 50 mM Tris-glycine. The gels were dried and exposed to X-ray films for autoradiography.
Anti-Sip1 antiserum or the preimmune serum was used for depletion experiments, performed by a protocol modified from that of Zuo and Maniatis (77) . In this protocol, 0.5 ml (1:1 slurry) of protein A-Trisacryl (Pierce) was washed three times and blocked at 4°C for 1 h in immunodepletion (ID) wash buffer (20 mM HEPES [pH 7.8], 150 mM NaCl, 0.5% Nonidet P-40, 2 mM EDTA, 2 mg of bovine serum albumin per ml). The protein A-Trisacryl resin was then packed into a minicolumn and washed with 5 ml of ID wash buffer. Preimmune serum or anti-Sip1 antiserum was diluted with 2.5 ml of ID wash buffer and loaded onto the protein A-Trisacryl column three times. The columns were washed with 5 ml of ID wash buffer and 5 ml of BC100 (20 mM HEPES [pH 7.8], 100 mM KCl, 0.2 mM EDTA, 0.5 mM dithiothreitol). HeLa cell nuclear extract (0.5 ml at approximately 12 mg of protein per ml) was thawed, prewarmed to room temperature for 20 min, and passed five times at room temperature through an anti-Sip1 immunoaffinity column or a mock affinity column prepared with the preimmune serum. The extracts were then used or quick frozen and then stored as immunodepleted nuclear extracts. The individual batches of depleted extracts were examined by Western blotting using the anti-Sip1 and anti-U2AF65 antisera.
For the splicing complementation assay, recombinant SC35, ASF/SF2, and U2AF65 were purified. SC35 and ASF/SF2 were purified as described previously (63) . Recombinant U2AF65 protein was purified from E. coli BL21(DE3)pLysS transformed with a plasmid expressing U2AF65 from a T7 vector (63) . E. coli expressing the U2AF65 protein after isopropylthiogalactopyranoside induction was harvested and sonicated in a solution containing 20 mM HEPES (pH 8.0), 0.1M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 5% glycerol. MgCl 2 was added to a final concentration of 20 mM to precipitate the proteins. The recombinant U2AF65 protein was purified to near homogeneity on a MonoQ column with a 0.1 to 1 M NaCl gradient. The purified protein was dialyzed against BC100 containing 10% glycerol and stored in aliquots at Ϫ80°C.
Nucleotide sequence accession number. The GenBank accession number for Sip1 cDNA is AF030234.
RESULTS
Identification of Sip1 by its interaction with the essential splicing factor SC35. SC35 is an essential splicing factor of the SR family (16, 17 ; for a review, see reference 18). It interacts with several other known splicing factors (63, 74) . Using SC35 as a bait in the yeast two-hybrid interaction cloning system (72), we have searched for proteins interacting with SC35. After screening approximately 2 ϫ 10 6 independent colonies, we isolated several groups of cDNAs, including those encoding U1-70K, U2AF35, and two novel SC35-interacting proteins, named Sip1 and Sip2. In the previous study, we characterized specific interactions of SC35 with U1-70K and U2AF35, leading to the proposal of a model for SR protein function in spliceosome assembly (63) . It was not clear whether the new proteins identified from the yeast two-hybrid screening were functionally important for splicing. We have now further characterized one of these new SC35-interacting proteins, Sip1.
Using the Sip1 cDNA fragment obtained from the yeast two-hybrid system, we screened a HeLa cell cDNA library and isolated 16 cDNA clones. After analyzing the sequences of these overlapping cDNAs, a probable full-length cDNA of 5,298 bp was obtained by ligation of two overlapping cDNAs. Based on a number of criteria, we conclude that this cDNA represents the full-length cDNA encoding Sip1 protein. First, the cDNA contains an open reading frame encoding 1,403 amino acids ( Fig. 1) , having a presumptive ATG initiation codon located 416 bp downstream from the 5Ј end with surrounding sequence conforming to the consensus for mammalian translational initiation sequence (30) . Second, there are stop codons present in all three reading frames upstream of the presumptive start codon. Third, the cDNA contains a polyadenylation signal in the 3Ј untranslated region (62) with a poly(A) tail at the 3Ј end. Fourth, a major band of approximately 5 kb, consistent with the cDNA size (5,298 bp), was detected in human tissues and cell lines by Northern blotting (Fig. 2) . Finally, the protein products of the Sip1 cDNA obtained either from in vitro translation or from the baculovirus expression system migrate at the same size as the Sip1 protein present in HeLa cells as detected by Western blotting using anti-Sip1 antiserum (see Fig. 6 ; also data not shown). Taken together, these results indicate that the Sip1 protein sequence shown in Fig. 1 is very likely to be of full length.
Predicted sequence of Sip1 protein and its limited sequence similarities to known splicing factors. The predicted Sip1 protein contains 1,403 amino acid residues ( Fig. 1 ) with an estimated molecular mass of 157.9 kDa. It has a high percentage of serine (13.8%) and charged residues (8.3% lysine, 7.1% arginine, and 9.1% glutamine). Data bank searches reveal that Sip1 protein has certain sequence features of proteins involved in pre-mRNA splicing. First, the central portion of the Sip1 protein contains a domain rich in arginine-serine sequences.
VOL. 18, 1998 Eight imperfect repeats of RRSRSXSX are found in this RS domain, and this type of sequence motif is present in several SR proteins (8, 9, 13, 17, 19, 34, 52, 67) , spliceosomal protein U1-70K (46, 54) , and Drosophila splicing regulators Tra and SWAP (40, 42) . In addition to this repeat motif, the arginineserine-rich region of Sip1 shows primary sequence similarity to the RS domain of several SR proteins, with the highest percentage of amino acid identity to that of SRp75 (Fig. 3A) . The sequence similarity in this region is not limited to SR dipeptides or the RRSRSXSX motif; there are 27% identity and 52% similarity over a stretch of 112 amino acid residues (Fig.  3A) . Second, Sip1 shows 17% identity and 31% similarity to SWAP in a region of 158 residues from amino acids 273 to 431 (Fig. 3B ). This region partially overlaps the first SURP module (12, 36, 53) of the Drosophila SWAP. The SURP motif has been identified in a number of splicing proteins, including SWAP, PRP21, SF3a120, and their homologs in different species (12, 36, 53) . However, the highly conserved there is of the SURP motif are not present in Sip1, suggesting that Sip1 is not a member of this SURP family. Another feature of the Sip1 protein is that at the very carboxyl terminus there is an 80-amino-acid motif (Fig. 1 ) which has been proposed to be the domain on two rat proteins which interacts with the carboxylterminal domain (CTD) of RNA polymerase II (65) . The presence of this putative CTD-binding domain in Sip1 protein raises the possibility that Sip1 is involved in communication between the splicing machinery and the transcription machinery.
Interaction of Sip1 with U2AF65, U1-70K, and SR proteins. Since splicing factors containing RS domains have been shown to mediate protein-protein interactions important for splicing, we examined protein-protein interactions of Sip1 with other splicing factors, especially the proteins containing RS domains. In the yeast two-hybrid interaction assays, Sip1 interacts not only with SR proteins SC35, ASF/SF2, SRp75, and SRp20 but also with U1-70K and U2AF65 (Fig. 4) . The Drosophila splicing regulators Tra and Tra2 as well as the Drosophila SR protein dSRp55 also interact with Sip1 in this assay. These interactions are not due to nonspecific association between the arginine-serine-rich sequences because no significant interactions were detected between Sip1 and U2AF35 or p54, although both of these proteins contain RS domains. Therefore, the profile of protein-protein interactions of Sip1 is different from that observed with SR proteins such as SC35 and ASF/ SF2, consistent with the structural differences between Sip1 and SR proteins.
To confirm the results from the yeast two-hybrid system, we examined protein-protein interactions in vitro. Sip1, U2AF65, and U2AF35 proteins were labeled by in vitro translation in the presence of [ 35 S]methionine. Coimmunoprecipitation experiments were carried out to examine possible protein-protein interactions between Sip1 and U2AF65 or U2AF35 (Fig.  5) . While the anti-Sip1 antibody (see below and Materials and Methods) immunoprecipitated the in vitro-translated Sip1 protein (lane 6), it did not precipitate either U2AF35 (lane 2) or U2AF65 (lane 4). When Sip1 was coincubated with U2AF65, the anti-Sip1 antibody precipitated both U2AF65 and Sip1 (lane 5). However, when Sip1 was coincubated with U2AF35, the anti-Sip1 antibody precipitated Sip1 but not U2AF35 (lane 3). These results demonstrate that Sip1 interacts with U2AF65 but not U2AF35. The coprecipitation of Sip1 and U2AF65 was not dependent on the presence of RNA, because RNase treatment did not affect the coprecipitation (data not shown). Similar immunoprecipitation experiments indicate that Sip1 also interacts with U1-70K and SC35 in vitro. The results from the yeast two-hybrid system and coimmunoprecipitation experiments were thus consistent in revealing specific protein-protein interactions between Sip1 and these known splicing factors. The observation that Sip1 interacts with a number of essential splicing factors strongly suggests that Sip1 may be involved in splicing.
Expression of recombinant Sip1 protein and generation of anti-Sip1 antiserum. To investigate the biochemical function of Sip1, we decided to express recombinant Sip1 protein and generate specific antibodies recognizing Sip1. After several attempts, we were unable to express the full-length Sip1 in E. coli. However, a fragment of Sip1 containing amino acid residues 227 to 782 was expressed as a His-tagged protein in E. coli. The His-tagged Sip1 protein fragment was purified to apparent homogeneity and was used to raise polyclonal antibodies in rabbits.
The anti-Sip1 antibodies specifically recognize a protein in HeLa cell nuclear extract of approximately 210 kDa (Fig. 6A) , larger than the molecular mass predicted from the full-length cDNA (158 kDa). The 210-kDa protein was confirmed to be Sip1 by the observation that both the in vitro-translated product prepared from the full-length Sip1 cDNA and recombinant Sip1 protein purified from the baculovirus system migrated at a molecular mass of approximately 210 kDa (Fig. 5, 6A , and 6B). The specificity of the anti-Sip1 antibodies was also shown by the findings that the antibodies precipitated the 210-kDa protein prepared by in vitro translation of the mRNA made from the full-length Sip1 cDNA but did not precipitate other RS domain-containing proteins or unrelated proteins and that Western blotting using the antibodies detected only one protein band of 210 kDa in the nuclear extracts prepared from HeLa cells and did not cross-react with other proteins (Fig. 6A and data not shown). These results suggest that the difference between the predicted molecular mass and the apparent size determined by SDS-PAGE may be due to posttranslational modification such as phosphorylation, which is known to cause aberrant migration of several RS domain-containing proteins in SDS-PAGE (for a review, see reference 18).
For functional studies, we expressed a full-length recombinant Sip1 protein in the baculovirus system. The recombinant Sip1 protein from the baculovirus system was also recognized by the anti-Sip1 antiserum (Fig. 6A, lane 4) and migrated similarly to the Sip1 protein in HeLa nuclear extract (Fig. 6A,  lanes 1 and 3) , suggesting that the baculovirus-expressed recombinant Sip1 protein underwent posttranslational modification(s) similar to that in HeLa cells.
Sip1 protein as an essential component in HeLa nuclear extract for its pre-mRNA splicing activity. The observation that Sip1 not only has sequence features of proteins involved in pre-mRNA splicing but also interacts with several proteins important for splicing, including SR proteins and U2AF65, suggests that Sip1 plays a role in splicing. To test this, we first investigated whether depletion of Sip1 from HeLa cell nuclear extract could affect the splicing activity. Under appropriate conditions, 80 to 90% of Sip1 protein from the nuclear extract could be removed by immunodepletion using the anti-Sip1 antiserum ( Fig. 6A ; compare lane 2 with lane 1), whereas the level of Sip1 was not reduced in the mock-depleted extract with the preimmune serum ( Fig. 6A ; compare lane 3 with lane 1). We examined the effect of immunodepletion on the splicing activity of HeLa nuclear extract. Splicing reactions were carried out with ␤-globin pre-mRNA prepared by in vitro transcription in the presence of [
32 P]UTP with the H␤T7 construct as described previously (74) . When the labeled pre-mRNA was incubated with HeLa nuclear extract, the ␤-globin pre-mRNA was efficiently spliced (Fig. 7B, lanes 8 and 16) . The splicing activity was not affected in the nuclear extract treated with the preimmune serum (Fig. 6C, lane 1; Fig. 7B, lanes 1 and 9) . By contrast, ␤-globin pre-mRNA was not spliced by the nuclear extract immunodepleted with the anti-Sip1 antiserum (Fig. 6C,  lane 2; Fig. 7B, lanes 2 and 10) .
To test whether Sip1 was essential for splicing, the recombinant Sip1 protein purified from the baculovirus system was added back to the immunodepleted nuclear extract. Addition of other RS domain-containing proteins, including SC35, ASF/ SF2, or U2AF65, had no effect on the splicing activity of the Sip1-depleted extract (Fig. 6C, lanes 5 to 10) . The recombinant Sip1 protein which had been purified to apparent homogeneity (Fig. 6B, lane 1) , on the other hand, could restore the splicing activity of the Sip1-depleted extract (Fig. 6C, lanes 3 and 4; Fig.  7B ). In the range of 100 to 300 ng of Sip1 protein, the restoration of splicing activity was dependent on the amount of Sip1 protein added (Fig. 6C, lanes 3 and 4; Fig. 7B , lanes 3 to 5 and 11 to 13). Further increases in the amount of Sip1 protein did not increase the splicing activity further (data not shown). The restoration of the splicing activity is due to the activity of the purified recombinant Sip1 protein but not due to contaminating proteins from Sf9 cells because mock protein preparations and other RS domain-containing proteins purified from Sf9 cells did not show any activity, and pretreatment of the purified recombinant Sip1 protein with the anti-Sip1 antibody completely removed the splicing reconstitution activity (data not shown). The observation that addition of purified recombinant Sip1 protein but not SC35, ASF/SF2, or U2AF65 protein to the Sip1-depleted extract could restore the splicing activity indicates that the lack of splicing activity in the Sip1-depleted extract was due to Sip1 deficiency in the extract. These results demonstrate that Sip1 protein is essential for splicing and that the functional role of Sip1 in splicing is not redundant with that of known RS domain-containing proteins such as SC35, ASF/ SF2 or U2AF65.
U2AF65 further enhances splicing activity in the Sip1-reconstituted nuclear extract. We noticed that the addition of Sip1 could only partially restore the splicing activity to the The recombinant Sip1, but not SC35, ASF/SF2, or U2AF65, could partially restore splicing activity of the Sip1-depleted nuclear extract. In vitro splicing of human ␤-globin pre-mRNA was carried out for 90 min with HeLa nuclear extract after immunodepletion by the preimmune serum (Mock depl., lane 1) or anti-Sip1 (lanes 2 to 10). The splicing extract was supplemented with 100 and 300 ng of purified Sip1 (lanes 3 and 4), SC35 (lanes 5 and 6), ASF/SF2 (lanes 7 and 8), or U2AF65 (lanes 9 and 10). The splicing reaction products were analyzed on a 6% polyacrylamide gel. nuclear extract immunodepleted by the anti-Sip1 antiserum. To determine whether this was due to the absence or reduction of other splicing factors which interact with Sip1, we examined the protein level of U2AF65 in the mock-and Sip1-immunodepleted nuclear extracts because U2AF65 interacts strongly with Sip1 in both the yeast two-hybrid assay and in vitro biochemical experiments (Fig. 4 and 5) . Western blotting experiments using anti-U2AF65 (77) showed that the level of U2AF65 was consistently lower in Sip1-immunodepleted extracts than in the mock-immunodepleted extracts with the preimmune serum (Fig. 7A) . Consistent with this, U2AF65 protein was detectable in the beads by Western blotting with anti-U2AF65 after immunoprecipitation of the nuclear extract by anti-Sip1 antibodies (data not shown). Because the anti-Sip1 antibody did not cross-react with U2AF65 either by Western blotting or in the very sensitive immunoprecipitation experiments with 35 S-labeled U2AF65 protein (Fig. 6 and 5 ), U2AF65 protein itself was not directly precipitated by the anti-Sip1 antibody in the absence of Sip1 (Fig. 5 and data not shown) . The most likely explanation is that the level of U2AF65 was reduced in the Sip1-immunodepleted extract because of protein-protein interaction between U2AF65 and Sip1. We then tested whether combination of Sip1 and U2AF65 could further increase the splicing activity of the Sip1-immunodepleted extracts. While the addition of U2AF65 alone to the Sip1-depleted extract did not lead to any detectable splicing activity (Fig. 6C, lanes 9 and  10) , addition of 100 to 200 ng of U2AF65 protein together with 200 ng of Sip1 protein further enhanced splicing activity ( Fig.  7B ; compare lanes 6 and 7 with lane 5 and lanes 14 and 15 with lane 13). Together, these results suggest that U2AF65 may interact with Sip1 in the spliceosome and functionally cooperate with Sip1 in the splicing reaction.
That Sip1 may functionally interact with other splicing factors was suggested by the fact that the level of splicing activity after both Sip1 and U2AF65 addition was only about 20 to 30% of that detected with the untreated nuclear extract (Fig.  7B, lanes 8 and 16) or with the mock-depleted nuclear extract with the preimmune serum (Fig. 7B, lanes 1 and 9) . The possibility of functional interactions between Sip1 and other splicing factors in the splicing reaction is consistent with the protein-protein interaction profile revealed by the yeast twohybrid assay and immunoprecipitation studies. Sip1 is involved in spliceosome assembly. To dissect the functional mechanism of Sip1 in splicing, we examined proteinprotein interactions between Sip1 and other splicing factors, especially the proteins involved in the early steps of spliceosome assembly such as U1-70K, SR proteins, and U2AF65, as described above (Fig. 4 and 5) . Interaction of Sip1 with several proteins essential for early steps of spliceosome assembly strongly suggests that Sip1 may be involved in this process. We therefore investigated the role of Sip1 in spliceosome assembly. Nonspecific H complex, prespliceosomal complex A, and spliceosomal complex B can be separated by native gel electrophoresis (28, 29) . Using 32 P-labeled pPIP85.A pre-mRNA (43), we demonstrated that in the Sip1-depleted nuclear extract, the formation of both A and B complexes was deficient whereas the formation of these splicing complexes in the mock-depleted nuclear extract was not affected (Fig. 8) , indicating that Sip1 plays an important role in spliceosome assembly.
Our results demonstrate that depletion of Sip1 leads to blockage of splicing prior to the first step without any detectable cleaved first exon or lariat intermediate (Fig. 6 and 7 ) and that assembly of both A and B splicing complexes is defective in the Sip1-depleted nuclear extracts (Fig. 8) . Because Sip1 interacts with several proteins essential for the earliest steps of spliceosome assembly such as U2AF65 and SR proteins, it is very likely that Sip1 is involved in these earliest steps of spliceosome assembly.
DISCUSSION
We have demonstrated that it is possible to identify new proteins involved in pre-mRNA splicing through their specific interactions with other splicing factors. A protein identified by this approach, Sip1, has been shown to be a new factor essential for mammalian pre-mRNA splicing.
Structural features of Sip1 protein.
Sip1 is a novel protein with sequence similarity to previously identified splicing factors. It contains eight imperfect RRSRSXSX repeats, a motif present in the RS domain of several proteins involved in constitutive splicing and alternative splicing regulation, such as SR proteins and the Drosophila splicing regulators Tra and SWAP. RS domains have been implicated in both protein-protein and protein-RNA interactions (1, 23, 27, 40, 56, 60, 63, 77) . We are currently investigating whether the RS domain of Sip1 plays a role in mediating protein-RNA and protein-protein interactions. Several proteins such as U2AF35 and Tra do not contain an RNA-binding motif (42, 73 ), yet they play important roles in splicing and alternative splicing regulation (42, 77) . Sip1 has additional sequence similarity outside of the RS domain with the Drosophila splicing regulator SWAP. We will further investigate the functional significance of this sequence similarity.
Sip1 protein migrates at a molecular mass of approximately 210 kDa, similar to the apparent molecular masses of the U5 snRNP-specific 200-and 220-kDa proteins. Recent information on the partial peptide sequences of these two proteins shows that the 200-kDa protein is a member of DEXH-box family of putative RNA helicases and the 220-kDa protein is a homolog of yeast PRP8 (38) . Thus, Sip1 is distinct from these proteins. In affinity-purified spliceosomes assembled on adenovirus major late promoter pre-mRNA or tropomysin premRNA and spliceosomes purified by gel filtration, in addition to the doublet corresponding to the U5-specific proteins 200 and 220 kDa, there appear to be a few protein spots in the 200-kDa range as detected by silver staining of two-dimensional gels (2) . In addition, a group of SR protein-related polypeptides have been identified (5, 5a) . It remains to be determined whether Sip1 is one of these spliceosome-associated proteins or SR protein-related polypeptides.
The presence of the 80-amino-acid RNA polymerase II CTD-binding motif in the Sip1 protein suggests that Sip1 may be able to interact with the RNA polymerase II CTD, which has been implicated in pre-mRNA processing (65) , and play a role in linking the processes of transcription and pre-mRNA splicing. This possibility will be further investigated.
Interactions between Sip1 and spliceosomal components. We have tested whether Sip1 is a spliceosomal snRNP by examining the presence of snRNAs including U1, U2, U4, U5, and U6 in the immunoprecipitates from HeLa nuclear extracts formed by anti-Sip1 antibodies. We found that no significant amount of spliceosomal snRNPs could be detected in the Sip1 immunoprecipitates (74a), suggesting that Sip1 is not an snRNP protein.
Systematic examination of protein-protein interactions reveals that Sip1 can directly and specifically interact with several known splicing factors. This protein-protein interaction profile is distinct from that of SR proteins such as SC35 and ASF/SF2. Previous studies show that SC35 and ASF/SF2 interact with U1-70K, U2AF35, and several SR proteins, including p54 (63, 74) . Similar to SC35 and ASF/SF2, Sip1 interacts with U1-70K, a component of U1 snRNP associated with the 5Ј splice site. However, of the proteins associated with the 3Ј splice site, Sip1 can interact with U2AF65 but not with U2AF35. Among the SR proteins, Sip1 can interact with SC35 and ASF/SF2 but not with p54. Sip1 is also different from U2AF35 in protein-protein interactions. Both Sip1 and U2AF35 interact with U2AF65 and with several SR proteins; however, Sip1 interacts with U1-70K, whereas U2AF35 does not directly interact with U1-70K (63) . Consistent with the finding that Sip1 interacts with multiple spliceosomal proteins, we have observed that antiSip1 antibody but not the preimmune serum can efficiently precipitate splicing complexes containing pre-mRNA and splicing products (74a), indicating that Sip1 protein is associated with the spliceosome.
Although U2AF65 could not be directly immunoprecipitated by the anti-Sip1 antibody, the level of U2AF65 was reduced in the Sip1-immunodepleted nuclear extracts. Addition of U2AF65 alone did not have any detectable effect on splicing activity of the Sip1-depleted extract; however, addition of both Sip1 and U2AF65 proteins to the Sip1-depleted extract could restore the splicing activity to a level higher than that achieved by addition of Sip1 protein alone. The most likely explanation for this result is that Sip1 and U2AF65 are associated with each other in HeLa nuclear extract. Addition of both proteins, and perhaps other splicing factors, is required to fully restore the splicing activity of the depleted nuclear extract.
An essential role for Sip1 in pre-mRNA splicing. A role for Sip1 in splicing was first suggested by the observation that the anti-Sip1 antiserum could deplete splicing activity of HeLa nuclear extract. Purified recombinant Sip1 protein could restore the splicing activity to the Sip1-immunodepleted nuclear extract, demonstrating that Sip1 is indeed required for splicing. That Sip1 is a general splicing factor is supported by the observation that Sip1 is required for splicing of not only human ␤-globin pre-mRNA substrate but also other model substrates tested, including pPIP85.A (43, 74a) . The exact role of Sip1 is not clear, but it appears to be distinct from that of other RS domain-containing splicing factors. This conclusion was based on our findings that the protein-protein interaction profile of Sip1 is different from those of other splicing factors and that other RS domain-containing proteins, including SC35, ASF/ FIG. 8. Involvement of Sip1 in spliceosome assembly. The splicing complexes were formed with 32 P-labeled pPIP85.A pre-mRNA at different time points in the presence of ATP, using nuclear extracts which were immunodepleted (depl.) by using the preimmune or anti-Sip1 serum (lanes 1 to 4 and 5 to 8, respectively). The splicing complexes were separated on a native 4% polyacrylamide gel by electrophoresis. The autoradiograph of the gel is shown. Positions of A and B complexes and nonspecific H complex are indicated. SF2, and U2AF65, could not restore the splicing activity of the Sip1-immunodepleted extract.
The exact step at which Sip1 functions in the splicing reaction remains to be investigated. In the Sip1-immunodepleted extract, both the first step and the second step of the splicing reaction were blocked. It is possible that blockage of the second step is the consequence of the defect in the first step of the splicing reaction. Alternatively, Sip1 may be directly involved in both steps of the splicing reaction.
The ability of Sip1 to interact with U2AF65, U1-70K, and several SR proteins suggests a possible role of Sip1 in the earliest steps of spliceosome assembly. Indeed, in the Sip1-depleted nuclear extract, the formation of both A and B complexes is deficient. U2AF has been shown to be required for A-complex formation (51) . Because Sip1 interacts with U2AF65, it is possible that the role of Sip1 in A-complex formation is due to its interaction with U2AF65. However, in the Sip1-depleted nuclear extract, a significant amount of U2AF65 is detected, although less than in the mock-depleted extract. This finding suggests that Sip1 may have a direct role in A-complex formation in addition to its interaction with U2AF. The finding that Sip1 interacts with both U1-70K and U2AF65 suggests that Sip1 may be involved in establishing interactions between the 5Ј and 3Ј splice sites during spliceosome assembly. It is also conceivable that by interacting with both U2AF65 and SR proteins, Sip1 may be able to form a bridge between U2AF65 and SR proteins associated with exon elements, thus mediating interactions across the exon in the exon definition model (4) . Previous work has shown that U1 snRNP targets U2AF65 to the 3Ј splice site by interactions spanning the exon (24) . Sip1 can interact with both U1-70K and U2AF65 and therefore may play a role in the network of interactions spanning the exon. Similarly, by interacting with U1-70K, SR proteins, and U2AF65, Sip1 may participate in the multiple protein-protein interactions across the intron (63) . Interaction with U1-70K would allow Sip1 to influence recognition of the 5Ј splice site by the U1 snRNP, while interaction between Sip1 and U2AF65 may influence the recruitment of U2 snRNP to the branch site.
SR proteins are critical for pre-mRNA splicing by acting at multiple steps of spliceosome assembly. Previous studies have demonstrated that SR proteins can enhance interaction of U1 snRNP with the 5Ј splice site (14, 26, 27, 55, 68) and that at high concentrations, SR proteins can abrogate the requirement for U1 snRNP in pre-mRNA splicing (11, 57, 58) . In addition, SR proteins can recruit U2 snRNP to the branch site of a pre-mRNA which lacks a 5Ј splice site (56) and escort U4/6.U5 tri-snRNP to the spliceosome (49) . It is therefore possible that by interacting with the SR proteins, Sip1 can also function at multiple steps of spliceosome assembly.
